Purpose. To compare responses to vertical and horizontal optokinetic (OK) stimulation in patients with disorders of ocular alignment.
Introduction
A substantial body of research has documented an asymmetry in the monocular horizontal optokinetic (OK) response in human subjects who have had normal visual development interrupted early in life (for a review, see Schor, 1993) . In these subjects, the speed and amplitude of the slow phases, and the beat frequency of OK nystagmus (OKN), are lower when the stimulus moves in the nasal-to-temporal direction of the viewing eye than in the temporal-to-nasal direction. Infants, who have not yet developed binocular vision, show similar nasal-temporal asymmetries (Atkinson, 1984) . Monkeys monocularly or binocularly deprived of pattern vision, or who early in life were made esotropic surgically, also show a greater response to an OK stimulus moving in the nasal direction (Kiorpes, Walton, OÕKeefe, Movshon, & Lisberger, 1996; Mustari, Tusa, Burrows, Fuchs, & Livingston, 2001; Sparks, Mays, Gurski, & Hickey, 1986; Tusa, Mustari, Das, & Boothe, 2002; Tychsen, Leibole, & Drake, 1996) . Electrophysiological studies have suggested that this asymmetry reflects failure to develop binocular driving of neurons in the middle temporal visual area (MT or V5) and the pretectal nucleus of the optic tract (NOT) (Distler, Vital-Durand, Korte, Korbmacher, & Hoffmann, 1999; Kiorpes et al., 1996; Mustari et al., 2001; Tusa et al., 2002) .
Vertical OK responses in human subjects lacking binocular vision have not been so well defined. Schor and Levi (1980) reported reduced velocity of responses to upward OK stimuli presented monocularly to a group of individuals with strabismic and anisometropic amblyopia. This report has received some recent support (Proudlock, McLean, Farooq, & Gottlob, 2001 ). On the other hand, Tychsen, Hurtig, and Thalacker (1984) reported that patients with early onset strabismus show reductions of binocular vertical OKN in response to downward stimulus motion, whereas clinically similar patients whose strabismus was of later onset did not show a marked vertical asymmetry of OKN. Normal human infants are reported to show a greater upward responses to vertical OK stimuli (Hainline, Lemerise, Abramov, & Turkel, 1984) .
The goal of the present study was to compare simultaneous measures of vertical and horizontal OK responses in a group of patients with disorders of ocular alignment since childhood. A serendipitous finding was that vertical OK stimulation induced diagonal OKN in these patients, with horizontal components that were greater than controls.
Methods

Subjects and recording methods
We studied six patients with misalignment of their visual axes since childhood. Clinical details are summarized in Table 1 . Three patients (P1, P2, P5) had some degree of amblyopia. Patient 4 had intermittent strabismus throughout childhood that became symptomatic when she was in her teens, as episodes of left esotropia with pupillary constriction. She had normal distance vision and preserved stereopsis. Three patients (P2, P4, P6) had undergone recent surgery to correct strabismus. One amblyopic patient (P5) had undergone resection of a low-grade cerebellar astrocytoma. This left him with a large midline defect that involved the fastigial nucleus. P6 had apparently experienced normal binocular vision until aged 12 years when he suffered eye trauma. A cataract developed and was removed 18 months later. Although he was fitted for a contact lens on that eye, he did not wear it. From then until age 35 years, when an artificial lens was implanted, he had defocused vision. After the lens implant, he noted variable diplopia and abnormal motion of vision in his left eye that he could not control. He underwent strabismus surgeries on his left eye at ages 38 and 39 to correct exotropia, but these were only temporarily successful. We also studied eight healthy normal subjects; age ranges 24-54 years. All subjects and patients gave informed, written consent, in accordance with Declaration of Helsinki and the Institutional Review Board of Cleveland Veterans Affairs Medical Center.
We measured horizontal and vertical movements of each eye using the magnetic search-coil technique, with 6-foot field coils that used a rotating magnetic field in the horizontal plane and an alternating magnetic field in the vertical plane. Search coils were calibrated before each experimental session. The system was 98.5% linear over an operating range of AE20 deg, the standard deviation of system noise was less than 0.02 deg and crosstalk between vertical and horizontal channels was less than 2.5%.
Visual stimuli
The OK stimulus was rear-projected onto a semitranslucent tangent screen at a viewing distance of 1 m. The stimulus subtended 72°horizontally and 60°verti-cally. The OK stimuli were generated by a Cambridge Research Systems VSG2/5 visual stimulus generator and projected using an Epson Powerlite 9100i video projector. The stimulus consisted of alternating black-andwhite stripes, with luminance of 0.7 and 13.7 cd/m 2 , respectively. The spatial frequency of the stimulus was 0.04 cycles/deg, chosen to optimize responses in amblyopic eyes (Schor, 1983) . The display was carefully aligned so that stimulus motion was either earth-vertical or earth-horizontal. The visual stimuli moved at 22.5 and 12°/s for 20 s, first up, then down, then to the left and then to the right. The screen was blanked for 10 s between stimuli. Each sequence of stimuli was viewed first with both eyes, then with the right eye viewing (left occluded) and, finally, with the left eye viewing (right occluded). Subjects were instructed to keep gazing into the center of the pattern, to try to maintain optimal clarity of the stripes and not to deliberately follow any one stripe.
Data analysis
To avoid aliasing, coil signals were passed through Krohn-Hite Butterworth filters (bandwidth 0-150 Hz) before digitization at 500 Hz with 16-bit resolution. These digitized coil signals were then passed thought an 80-point Remez FIR (bandwidth 0-140 Hz), and differentiated to give an estimate of eye velocity. We measured the horizontal and vertical components of each OKN slow phase, which were almost invariably time-locked, by placing a cursor at the beginning and end. Eye movements contaminated by blinks were excluded. We separately analyzed data from each eye during right-eye, left-eye, or binocular stimulation. We also measured horizontal and vertical eye drift during fixation of a stationary target with either eye, in order to quantify any latent nystagmus (LN).
During preliminary experiments to investigate vertical OKN in patients with ocular misalignment since childhood, we noted an inappropriate horizontal component to the response (Fig. 1) . After eliminating any methodological factors that might cause crosstalk, we compared the vectorial nature of the response to vertical stimulus motion in these patients with the group of normal subjects. To do this we calculated the median horizontal and the median vertical slow phase eye velocity during each 20 s of vertical OK stimulation. We then subtracted the median horizontal and vertical drift velocity during fixation from the respective components of slow phase eye velocity during OKN. From these data, we measured the horizontal crosstalk during vertical OK stimulation (corrected horizontal velocity/corrected vertical velocity), expressed as a percentage. We compared these measurements for each response of each patient with the pooled data from our normal subjects for the corresponding stimulus. Because most of the data were not normal in distribution, we calculated medians and used the Mann-Whitney rank-sum test to compare responses of patients with pooled responses of normal subjects to corresponding stimuli.
Results
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Vertical optokinetic nystagmus
In the normal subjects, during binocular and monocular viewing, vertical OKN gain was usually asymmetrical with the response to downward motion having a lower gain (up-down asymmetry). These data are summarized in Tables 2 and 3 .
In four patients (P1, P2, P4, P5) vertical OKN gain, at one stimulus speed at least, was significantly less ðp < 0:05Þ than that for our control subjects. Vertical OKN asymmetries were evident in all of our patients and these asymmetries at times exceeded the 95% confidence intervals for our control subjects (Tables 2 and  3 ). An up-down asymmetry was the most common finding in the patients. However, down-up asymmetries (the upward response having a lower gain than the downward response) were also evident but these asymmetries were never statistically significant. The direction of the asymmetry (up-down or down-up) could vary according to the speed of the stimulus or according to whether the patient was viewing with both eyes, with the right eye or with the left eye. As up-down and down-up asymmetries occurred in both strabismic and nonstrabismic eyes, the direction of the asymmetry did not appear to be related to which eye was deviating. However, a down-up asymmetry did occur more frequently when the patients viewed the stimulus at the higher speed.
Horizontal optokinetic nystagmus
For the control subjects a clear preference for rightto-left or left-to-right stimulation during binocular or monocular stimulation was absent (Tables 4 and 5) .
One patient (P1) demonstrated a substantial nasalto-temporal (N-T) asymmetry during monocular viewing. In this patient the slow phase velocity was significantly greater ðp < 0:05Þ in response to nasally moving stimuli (to the left when viewing with the right eye and to the right when viewing with the left eye) compared with temporally moving stimuli. The monocular temporal-to-nasal (T-N) response had slow phases in the same direction as the stimulus motion, whereas in response to N-T stimulation the slow phases could be in the correct direction, although diminished, or could be in the inappropriate direction (the opposite direction to stimulus movement). When both eyes were viewing, the slow phases of the OK response were always in the appropriate direction and higher gains were recorded in response to rightward moving stimuli. Patient 4 also showed a N-T asymmetry, but the gain values were low. Two patients (P3, P5), during monocular viewing conditions, rather than the classic N-T asymmetry demonstrated a significant bias ðp < 0:05Þ for one direction of horizontal motion. The same directional bias was also apparent when these patients viewed the stimulus binocularly. Thus, in P3 and P5 gain was significantly greater ðp < 0:05Þ for leftward moving OK stimuli irrespective of which eye was viewing. Patient 2 also had a directional bias of horizontal OKN with higher rightward gains but during monocular viewing this was only significant ðp < 0:05Þ when she viewed a stimulus moving at 22.5°/s with her left eye.
Paired comparison of monocular horizontal and vertical OK responses for each patientÕs eye (Tables 3  and 5) showed substantial variability, and no consistent differences. However, in general, patients with poor horizontal responses had somewhat better vertical responses, whereas other patients showed similar gain values for horizontal and vertical responses. 
Crosstalk
Responses to vertical optokinetic stimulus motion
Vertical stimulus motion induced nystagmus with a horizontal component that exceeded 95% confidence intervals for our control subjects, in at least one direction, in all six patients. Representative data from P1 are shown in Fig. 1 , with corresponding plots of slow phase velocity in Fig. 2 . Our patients showed eye drift during monocular fixation (LN in P1-4); these data are summarized in Table 6 . However, drifts during fixation could not account for the magnitude of horizontal components of OK responses to vertical stimulus motion. Thus, in P1-3, P5 and P6, the horizontal velocity of the viewing eye during vertical OK stimulation at 22.5°/s was significantly greater ðp < 0:01Þ than during fixation. P4 (who had low-gain OK responses) showed greater horizontal velocity during OK stimulation than during fixation when she viewed with her left eye, but not when she viewed with her right eye. After correcting for drifts during fixation, we calculated the percentage of crosstalk (see Section 2); these data are also summarized in Table 6 . All patients showed significantly greater horizontal crosstalk ðp < 0:001Þ for at least one vertical OK stimulus, compared with controls. Fig. 3 summarizes the change in median eye velocity vector during vertical OK stimulation, for each viewing-eye response of each patient. Each vector was calculated by subtracting the median horizontal and vertical drift velocity during fixation from the respective components of slow phase eye velocity during OKN. In general, the percentage of crosstalk was greater in response to the faster (22.5°/s) stimulus.
The direction of horizontal crosstalk tended to remain the same for each patient. Thus, in P1 (Figs. 1 and  2 ), the direction of horizontal crosstalk (to her right) remained the same no matter which eye viewed (or in which direction she manifested her LN). In general, the direction of horizontal crosstalk corresponded with the direction of drift of slow phases with both eyes viewing the OK stimulus (Table 6) , except for P6 who showed no consistent horizontal drifts. Horizontal crosstalk occurred with either upward or downward OK stimuli, or both, idiosyncratically for each patient. During binocular OK stimulation, responses were qualitatively similar to those during viewing with the right eye in P2-5, and with the left eye in P1 and P6. The direction of crosstalk did not appear to be related to which eye was amblyopic. Thus, P1 and P5 both had left-sided amblyopia, but P1 showed a rightward horizontal crosstalk whereas P5 showed leftward crosstalk. In two patients crosstalk could be generally related to the directional bias of horizontal OKN. Thus, P2 had better rightward OKN under all viewing conditions and, when present, her crosstalk was rightward, whereas P5 had better leftward OKN and showed leftward crosstalk. We also considered whether a change in horizontal eye position (i.e., a deviation) during vertical stimulation could account for the changes in horizontal eye velocity during vertical OK stimulation. Although some patients did develop exotropia (P1 and P3 during right eye viewing) or esotropia (P2 during right eye viewing), in each case the horizontal component (crosstalk) was substantially changed by the direction of the vertical OK stimulus (Fig. 3) , although the horizontal deviation remained similar.
Responses to horizontal optokinetic stimulus motion
No patient showed a vertical component induced by horizontal stimulus motion that exceeded 95% confidence intervals for our control subjects. Thus, although vertical stimulus motion induced substantial horizontal movements, horizontal stimulus motion did not induce vertical crosstalk in our patients. Fig. 3 . Summary of responses of viewing eyes to vertical OK stimulation from all patients, comparing them to normal subjects. The data are summarized as a form of polar plot. The amplitude of each response (length of line) was calculated from the median change of each component of eye velocity during OK stimulation compared with during fixation of a stationary target (LN). The angle of the line away from vertical varied between patients, and reflects the magnitude of the horizontal component (see Table 6 ). The data points are pooled responses from all normal subjects. The asterisks (Ã) indicate that the complete response (of which only medians are shown) was significantly different from normal subjects ðp < 0:001Þ. Note that missing data for some patients is due to a coil breaking during that part of the experimental session.
Discussion
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An asymmetry of vertical OKN, with upward stimulus motion eliciting a greater response than downward stimulus motion, was the most common finding in both normal subjects and patients in our study. This updown asymmetry has been reported previously in normal human subjects (Murasugi & Howard, 1989; van den Berg & Collewijn, 1988) . However, in some of our patients, downward stimulus motion elicited greater responses than upward stimulus motion (down-up asymmetries), although these asymmetries were never significant. Schor and Levi (1980) reported a number of abnormalities in the monocular vertical OK response of adult amblyopes. The most common deficit they noted was a reduced velocity for upward slow phases resulting in a down-up asymmetry. This was observed in both the amblyopic and non-amblyopic eyes of some subjects. Similarly, in a group of sixteen patients with earlyonset strabismus, Proudlock et al. (2001) reported poor upward gains in the deviating eye of four patients and the non-deviating eyes of six patients. We noted significantly reduced velocities for upward and downward slow phases in the deviating and non-deviating eyes of a number of our patients compared with control subjects (Tables 2 and 3 ). On the other hand, two patients (P3, P6) had vertical OK responses with a high gain. It is not possible for us to draw any conclusions concerning the relative influence of dissociated vertical deviation (DVD), amblyopia or age of onset of deviation on vertical OK responses from the small and heterogeneous sample of patients that we studied.
A N-T horizontal OKN asymmetry was evident in P1 and also in P4, although her gain values were low. In these patients, the monocular temporal-to-nasal response had slow phases in the normal direction whereas the response to nasal-to-temporal stimulation was in the correct direction, although diminished, or was in the inappropriate direction. This inappropriate response to an OK stimulus moving in the nasal-to-temporal direction has previously been reported in patients with latent/ manifest latent nystagmus (LN/MLN) (Dickinson & Abadi, 1990; Kommerell & Mehdorn, 1982; Milojevic, Windsor, & Burian, 1967; Tsutsui & Fukai, 1979) . Further, it has been suggested that subjects with LN/ MLN do not have a genuine N-T OKN deficit and that any apparent asymmetry or reversal of monocular OKN might be the result of the summation of the horizontal OKN with the spontaneous oscillation with the latter being changed in some way by the stimulus (Dickinson & Abadi, 1990) .
Three patients (P2, P3, P5) displayed an asymmetry in horizontal OKN that resembled a directional bias (leftward or rightward asymmetry rather than a N-T asymmetry). This is not the typical asymmetry associated with abnormal binocular visual development reported in the literature. We note, however, that in P5 this directional asymmetry could be due to the patientÕs cerebellar defect and may have disguised any N-T asymmetry.
Crosstalk
A novel finding of these experiments was that vertical OK stimulation, in individuals who lack normal binocular visual development, caused diagonal nystagmus responses. The magnitude and direction of the horizontal component varied between patients, and tended to be greater with the faster OK stimulus. The horizontal responses induced by vertical OK stimuli cannot simply be ascribed to superposition of the slow phases of LN during monocular fixation, which was slower and sometimes in the opposite direction (for example during right eye viewing in P1, as shown in Figs. 2 and 3) . What is the possible significance of these misdirected OK responses?
We considered three possibilities. First, that lacking normal binocular visual development, the responses corresponded to those encountered in afoveate, laterally eyed animals such as the rabbit (Tan, van der Steen, Simpson, & Collewijn, 1993) . During normal locomotion, the optic flow causes an OK stimulation that is stronger in the nasal-to-temporal direction horizontally, and usually downward, the ground being more proximate that the sky. In foveate subjects with normal binocular vision, it is possible to point both eyes at an object and use ''smooth pursuit'' tracking to hold gaze on target despite the effects of the optic flow (Miles, 1993) . However, in species that do not possess binocular, foveate vision an OK bias for movement in the temporal-to-nasal direction would partly compensate for this asymmetry of optic flow. We wondered whether the vertical-horizontal crosstalk that we observed could be a component of this OK bias to negate the effects of optic flow in the absence of binocular vision. However, a number of our patients did not follow the classic N-T asymmetry, but had an asymmetry that resembles a directional bias. Nevertheless, crosstalk and the OK bias were generally in the same direction.
Second, it seems possible that an ''uncalibrated'' motion vision system is responsible for the variable responses that we encountered. Monkeys who have been deprived of normal binocular vision from birth lack normal binocular responses in cortical area MT (Kiorpes et al., 1996) and the pretectal NOT . In these animals, in contrast to normal monkeys in whom all NOT units are sensitive to stimuli to either eye, the NOT becomes monocular, the majority of units being dominated by the contralateral eye. This change in NOT activity has been shown to contribute to LN since pharmacological inactivation of the NOT abolishes it . Asymmetries in monocular OKN are also believed to be due to a loss of binocular cells in the NOT; when the NOT loses its cortical input from the ipsilateral eye it responds only to temporal-to-nasal motion viewed from the contralateral eye Tusa et al., 2001; Tusa et al., 2002) . The patients in this study with interruption to normal binocular vision in early life (P1-5), in addition to their strabismus, demonstrated LN, horizontal OKN asymmetries and crosstalk during vertical OK stimulation. Thus, crosstalk could be a further gaze-stabilizing deficit resulting from the change in sensitivity of the NOT. It would be interesting to record horizontal NOT units during vertical OK stimulation in monkeys deprived of normal visual development in infancy. To date vertical OKN has not been studied in such animals, but in monkeys made strabismic early in life, monocular smooth pursuit is greatest for targets moving upward and nasally (Kiorpes et al., 1996) . Psychophysical studies would also be needed to test the possibility that our patientsÕ diagonal OK responses were due to an abnormality of motion visual pathways.
Third, it is possible that crosstalk may have a motor origin. ÔObliqueÕ vertical OKN was observed quantitatively in a group of patients with craniosynostoses and excyclorotation of the orbits and the extraocular muscles (Garbutt et al., 2001 ). Demer (2002) has suggested that the A and V patterns frequently seen in association with strabismus are due to improper pulley locations. This, in turn, might lead to inappropriate responses during vertical OK stimulation.
Details of the findings from our patients raises some other interesting points. Patient 4 had some preservation of stereopsis, but LN, DVD and horizontal crosstalk during vertical OK stimulation were present. Thus, although lack of stereopsis is commonly associated with LN and OKN abnormalities (Gresty et al., 1992 ) it probably does not have any pathophysiological role--a view supported by animal studies (Tusa et al., 2002) . Further, we only found a N-T asymmetry of monocular horizontal OKN in two (P1, P4) of our patients, although four (P1-4) had LN. This argues against the theory proposed by Kommerell (1988) that, in earlyonset strabismus, LN is a consequence of the persistent N-T asymmetry seen in infants before the development of binocular vision. As an adult, P5 had undergone removal of a midline cerebellar tumor that involved the fastigial nucleus, but showed similar horizontal crosstalk to our patients with normal neurological examinations. It remains to be shown whether cerebellar lesions without disturbance of binocular vision may cause diagonal responses to vertical OK stimuli, although some studies of smooth pursuit suggest that they might (FitzGibbon, Calvert, Dieterich, Brandt, & Zee, 1996) . Patient 6 lost vision at age 12 years when his lens was removed following an accident. He was thought to have had normal vision before, although no records of formal testing were available. After a lens implant at age 35 years, clear vision was restored to his left eye, but he was unable to stabilize his gaze during visual fixation, with characteristic slow drifting movements (Leigh, Thurston, Tomsak, Grossman, & Lanska, 1989) , but no LN. His vertical OK responses were of normal gain but horizontal crosstalk was evident, suggesting a selective defect of motion vision induced by monocular impairment of vision for over twenty years.
In summary, we report abnormal diagonal responses to vertical OK stimulation in a heterogeneous group of patients with disturbances of ocular alignment. Our discovery was serendipitous, arising from measurement of responses to vertically moving horizontal stripes, which allowed patientsÕ eyes to drift horizontally (which a random dot display might not do). It is possible that crosstalk might partly reflect gaze instability due to lack of a stationary horizontal fixation point, and future measurements of gaze stability in darkness might help address this possibility. Indeed, more than one mechanism may account for our finding. Based on these preliminary observations, we suggest that the phenomenon of abnormal directional responses to OK stimulation deserves further, systematic study in patients with disorders of binocular vision and neurological lesions of areas that normally ensure that eye movements are in the appropriate direction (such as the cerebellum).
